Abstract: Cyclic lipopeptides (CLPs) derived from plant growth-promoting rhizobacteria (PGPR) are well known as potential antifungal compounds. However, the physiological function of CLPs from Bacillus vallismortis strain EXTN-1 (EXTN-1) is still poorly understood. In this study, we proposed the potential role of iturin A analogs in modulation of induced systemic resistance (ISR) of chili pepper in response to Phytophthora capsici. Seven individual iturin A analogs were identified from EXTN-1, and iturin A analogs pre-treated plants resulted in a significant reduction of disease. However, no iturins directly inhibited growth of P. capsici in vitro antibiosis assay, indicating the existence of other possibilities for suppression of disease. The expression analysis of defense-related marker genes PR1, PR4, PR10, chitinase, peroxidase, and β-1,3-glucanase revealed that transcript levels of these genes were dramatically up-regulated in iturin A analog treated plants after inoculation of P. capsici, suggesting that iturin-triggered plant systemic defense responses were involved in attenuating the disease symptoms. Collectively, our results clearly suggest that iturin A analogs from EXTN-1 are required for alleviation of P. capsici-mediated disease incidence.
Introduction
Plant growth-promoting rhizobacteria (PGPR), especially Bacillus spp. and Pseudomonas spp., have been well studied as alternatives to chemical fertilizers and pesticides for plant growth promotion and induced systemic resistance (ISR) (Kloepper et al. 2004 ).
Improvement of plant growth promotion and ISR by PGPR are regulated directly and indirectly (Emmert and Handelsman 1999; Compant et al. 2005; Niu et al. 2011; Yuan et al. 2012; Garcia-Gutierrez et al. 2013) . ISR is associated with cell wall modification that prevents the entry of pathogens followed by various biochemical changes of the host, leading to the synthesis of defense-related compounds against the challenged pathogens. The priming effect of PGPR elicits the activation of cellular defense responses including oxidative burst, cell wall reinforcement, activation of defense-related genes, and accumulation of secondary metabolites against pathogen attack (Conrath et al. 2006) . Bacterial molecules originated from the surface of the PGPR or the cell play a major role as bacterial determinants for ISR (van Loon et al. 1998 ). In addition, volatile organic compounds (VOCs) emitted from PGPR are known as important regulators to induce systemic resistance of diverse plant species against various phytopathogens (Farag et al. 2013) .
Antimicrobial cyclic lipopeptides (CLPs) including fengycin, iturin, bacillomycin, and surfactin from Bacillus spp. are normally required for manipulation of pathogens (Arguelles-Arias et al. 2009; Kim et al. 2010 ). Surfactin plays a key role in eliciting ISR by activating defense-related early events (i.e., ROS production) (Jourdan et al. 2009 ) and surfactin-perceived ryegrass activates induced systemic resistance by hydrogen peroxide-mediated defense responses against Magnaporthe oryzae (Rahman et al. 2015) . In addition, iturins have antifungal and antibacterial ability (Pecci et al. 2010; Zeriouh et al. 2011) . They are divided into several subgroups based on the variation of amino acids in peptide moiety; iturin A is secreted by most of the bacilli strains (Kim et al. 2010) . Despite accumulating evidence, the precise potential mechanism of iturin A in ISR is needed for further investigation.
Previously, our study revealed that Bacillus vallismortis strain EXTN-1 (EXTN-1), which was isolated from the rhizosphere of chili pepper, stimulated plant growth promotion in various crops (Ahn et al. 2002; Park et al. 2006) . Phytophthora capsici caused a significant economic loss on crops (i.e., potato and tomato) and its related disease was difficult to manage due to its aggressiveness and resistance to chemicals (Gavino et al. 2000 ). In the current study, we investigated the effect of iturin A analogs produced by EXTN-1 on increasing defense responses of chili pepper to P. capsici. We extracted, characterized, and identified seven different iturin A analogs from EXTN-1, and used these iturins for assessment of ISR against P. capsici. Tested iturin A analogs significantly reduced disease severity caused by P. capsici. Taken together, our results strongly suggest that iturin A analogs play a pivotal role in the alleviation of P. capsicimediated disease incidence.
Materials and Methods
Identification of iturin A analogs from EXTN-1 culture media B. vallismortis EXTN-1 was grown on 10 L of tryptic soy broth agar for 7 d at 28°C and the cultured agar media were soaked in 20 L of methanol (MeOH, CARLO ERBA reagents, MI, USA) and remaining culture media were reused for extraction. The extracts were concentrated under vacuum and dissolved in 50% aqueous MeOH (200 mL). The methanol extracts were re-extracted with butanol (2 L × 3, Junsei Chemical Co., Tokyo, Japan). 22 g of residue were subjected to silica gel column chromatography (50 × 325 mm, 70-230 mesh, Meck, NY, USA).
Stepwise gradient elution of the column with 15 L of CH 2 Cl 2 :MeOH:H 2 O (92:7.5:0.5 to 56:40:4) yielded 10 fractions of 1.5 L each. The fractions containing 5 to 7 iturins were pooled and concentrated and the residue (13.5 g) was dissolved in MeOH. The MeOH solution was fractionated using C18 MPLC (Cosmosil 40, 40 × 300 mm, 50%-80% aqueous MeOH, 6 mL min
) to obtain 5 fractions. The iturins contained in the third fraction were finally purified by C18 HPLC (Chromosep C18, 21.4 × 250 mm, Varian, 50%-80% aqueous MeOH for 100 min, UV 220 nm 7 mL min −1 ). The chemical structures of all 7 fractions were elucidated through 1D and 2D nuclear magnetic resonance (NMR) and high-resolution TOF-ESI mass spectrometry. Due to very low yields, iturins A3 and A5 were not analyzed for further biological studies.
Preparation of Phytophthora capsici inoculum
The fungal pathogen P. capsici was obtained from the Korean Agriculture Cultural Collection (KACC, NIAS, Wanju, South Korea). The P. capsici inoculum was prepared as described previously (Ploetz et al. 2002) . Briefly, onewk-old mycelium plugs (5 mm in size) grown on V8 agar media were placed in the new V8 plates and allowed to grow for a week at 25°C under dark conditions. The mycelia on each plate were covered with SDW and the plates were placed under a wide-spectrum light at room temperature for 24-48 h to induce sporangial development. The sporangia were chilled at 4°C for 45 min to release zoospores. The encysted spore suspensions from zoospores were adjusted to a final concentration of 1 × 10 5 encysted spores mL −1 using a hemocytometer before challenge inoculation.
Effect of iturin A analogs on P. capsici disease
The seeds were sown in a plastic tray (55 cm × 35 cm × 15 cm) containing steam-sterilized soil, sand, and compost (1:1:1, v/v/v); seedlings at the two-leaf stage were transplanted to plastic pots (5 cm × 15 cm × 10 cm) containing the same soil mixture with complex fertilizers, and grown in a growth chamber with a 16 h d −1 /8 h dark photoperiod at 27°C ± 2. Chili pepper seedlings at the first-branch stage were used for evaluating each iturin A analogs (A2, A4, A6, A7, and A8) separately on disease caused by P. capsici. Seedlings infiltrated or sprayed with iturin A analogs at three different concentrations (0.1, 1.0, and 10.0 ppm) were incubated for 7 d under greenhouse conditions and were subsequently inoculated with P. capsici.
For leaf infiltration, the first two leaves of plants were infiltrated with iturin A analogs using a needleless sterile syringe. Chili pepper seedlings at the same stage were sprayed with iturin A analogs. As described above, P. capsici was inoculated and disease severity was monitored. Six replicates were used per each treatment.
In vitro antibiosis of iturin A analogs from EXTN-1
The effect of antibiosis derived from iturin A analogs was investigated in vitro in response to major plant fungal pathogens Botrytis cinerea, Colletotricum acutatum, Fusarium oxysporum, Phytophthora capsici, Rhizoctonia solani, and Sclerotinia sclerotiorum, which were obtained from the KACC (NIAS, South Korea). Mycelial plugs were placed in the center of potato dextrose agar (PDA, Difco, MI, USA) plates, and iturin A analogs at 500 ppm were applied onto sterile filter paper discs (8 mm in diameter, Advantec Co., Japan) that were closely placed with mycelia plugs of each fungal species. The plates were incubated for 7 d at 25°C and retardation of fugal growth was measured as inhibition zone. Five replicates were performed per treatment.
Transcript analysis of defense-related genes in plant leaves treated with iturin A analogs
Three-week-old chili pepper seedlings [(Capsicum annum L.) variety Hanbyeol] were treated with iturin A analogs and inoculated with P. capsici as described above. The third leaves of plants were harvested at 12 h after P. capsici inoculation, immediately frozen in liquid nitrogen, and kept at −80°C until extraction of total RNA. Total RNA of pepper plants was isolated using the easy-spin ™ IIP Total RNA Extraction Kit (iNtRON Biotechnology, Gyeonggi, South Korea). The expression levels of defense-related genes PR-1, β-1,3-glucanase, chitinase, PR-4, peroxidase, and PR-10 were profiled using semi-quantitative RT-PCR with Ex Taq polymerase (Takara Biomedicals, Otsu, Japan). The gene-specific primers used in this study were listed in Table S1 . The reaction mixture containing 0.1 μg of cDNA, 10 μM each of the forward and reverse primers, 250 nM of dNTPs and 0.5 U of Ex Taq polymerase in 20 μL final volume was amplified in a MJ Research thermal cycler PTC-100 (Bio-Rad, CA, USA) under conditions as follows: 94°C for 5 min and 25 cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min, and 72°C for 10 min. The PCR products were loaded and separated on 1.5% agarose gels. Similar results were represented with three replicates.
Statistical analysis
Analysis of variance for experimental datasets was performed using SAS JMP software (SAS Institute, Cary, NC, USA). Significant differences of treatments were determined by the magnitude of F value (P = 0.05). All experiments were performed at least twice.
Results
Elicitation of disease resistance by EXTN-1 in chili pepper against P. capsici As similar to our previous work (Park et al. 2006) , we soil-drenched EXTN-1 onto chili pepper plants and evaluated disease severity. The control plants were almost completely wilted and chlorotic when compared with BTH and EXTN-1 applied plants (data not shown). The levels of disease severity were 92%, 3.5%, and 5% in control, BTH, and EXTN-1 treated plants, respectively (data not shown), and were in agreement with visual observations. Purification of iturin A analogs from culture media of EXTN-1
Given that EXTN-1 treated plants displayed a significant resistance to P. capsici, we hypothesized that certain CLPs such as iturins from EXTN-1 may play a pivotal role in modulation of defense response to P. capsici. A total of 7 different iturin A analogs were identified as follows: A2 [Retention time (Rt) 46.5 min], A3 (Rt 51.7 min), A4 (Rt 52.5 min), A5 (Rt 58.4), A6 (Rt 59.7 min), A7 (Rt 61.6 min), and A8 (Rt 66.6 min). The chemical structures of all 7 compounds were elucidated by 1D and 2D NMR and high-resolution TOF-ESI mass spectrometry (Fig. 1) . The Fig. 1 . Characterization of structures for iturin A2-A8 derived from B. vallismortis strain EXTN-1. Extracts of EXTN-1 culture grown in TSA were subjected to silica gel column chromatography followed by fractionation using C18 MPLC and HPLC purification. The chemical structures of all the 7 fractions were elucidated through 1D and 2D NMR and high-resolution TOF-ESI mass spectrometry. backbone structure of all iturins identified in this study was similar to each other except for the R residue. The spectral data for these compounds were in accordance with those reported in the literature (Hiradate et al. 2002) .
Alleviation of disease symptom by iturin A analogs
To investigate whether iturin A analogs affected P. capsici-triggered disease symptom we cultured EXTN-1 and purified iturin A analogs. The five individual iturin A analogs (A2, A4, A6, A7, and A8) were examined for their effect on manipulation of disease incidence. Chili pepper plants were infiltrated or sprayed with these five iturin A analogs at three different concentrations (0.1, 1.0, and 10 ppm). Regardless of application methods disease caused by P. capsici inhibited depending on the concentrations of iturin A analogs (Fig. 2) . The treatment of iturin A2 at 10 ppm was the most effectively affected disease severity (65% reduction) and the effect was increased in a dose-dependent manner, but A6 had an opposite effect (Fig. 2a) . Others (A4, A7, and A8) showed that manipulation of disease symptom was optimized at a certain concentration (Fig. 2a) .
The trends of disease severity in iturin A2, A4, and A6 sprayed plants were very similar to those in leaf infiltrated plants (Fig. 2b) . However, although A7 and A8 basically reduced disease symptom, the tendency of disease severity notably differed from those of infiltrated plants (Fig. 2b) .
In vitro antibiosis assay of iturin A analogs derived from EXTN-1
The iturin A analogs were tested for in vitro antibiosis activity against major plant pathogenic fungi, including P. capsici. Iturin A6 and A8 produced inhibition zones against R. solani, S. sclerotiorum, B. cinerea, and C. acutatum at a very high concentration of 500 ppm (35 μg disc −1 ) (Fig. 3) . Iturin A6 was the most effective with an inhibition zone of 18.1 and 17.3 mm against R. solani and C. acutatum, respectively (Figs. 3a and 3d) . The iturin analogs A4 and A7 did not show inhibitory effect at any concentration against all the fungal pathogens tested (Fig. 3) . None of the iturin A analogs inhibited the growth of P. capsici in the in vitro antibiosis assay (Fig. 3e ).
Expression analysis of selected defense-related marker genes in iturin A analogs treated plants
To elucidate molecular evidence, mRNA expression levels of selected defense-related marker genes of ISR were examined in iturin A analog treated plants. The transcript levels of PR1, PR4, PR10, β-1,3-glucanase, chitinase, and peroxidase were quantified at 12 h after P. capsici challenge inoculation in plants treated with iturin A analogs (Figs. 4a-4e) . PR1, Peroxidase, and PR10 were highly expressed by all the iturin A analogs regardless of the concentration for iturin A analogs (Figs. 4a-4e) . β-1,3-glucanase was also highly up-regulated after P. capsici inoculation except for iturin A4 (Fig. 4b) . Chitinase was moderately expressed in iturin A2, A4, and A6 treated plants, whereas it was strongly activated in all A7 and A8 (0.1 and 1 ppm) treated plants after challenge inoculation (Figs. 4d and 4e ). Transcript levels of PR4 were gradually down-regulated at the highest concentration of each iturin A analogs compared to the other concentrations of iturin A analogs (Figs. 4a-4e) . Our results indicate that tested defense-related genes are highly upregulated in iturin A analogs treated plants in response to P. capsici challenge.
Discussion
Previous studies with EXTN-1 reveal that it may be able to regulate plant diseases through ISR against various bacterial, fungal, and viral phytopathogens (Park et al. 2001 (Park et al. , 2006 Ahn et al. 2002) . However, the precise role of EXTN-1-mediated metabolites has not been elucidated. The present study investigated the potential role of iturin A analogs from EXTN-1 in elicitation of ISR in response to P. capsici in chili pepper. Our study provided several prominent findings. First, seven individual iturin A analogs were purely characterized in EXTN-1. Second, these analogs clearly reduced P. capsici-triggered disease depending on the treatment concentrations. Third, iturin-mediated elicitation of ISR was supported by activation of defense-related marker genes.
The disease control ability of Bacillus spp. is related to the production of a large array of biologically active non-ribosomal peptide synthetases (NRPS) and polyketide synthases (PKS) secondary metabolites (Ongena and Jacques 2008) . CLPs such as fengycin, iturin, bacillomycin, and surfactin are potential agents for disease management (Kim et al. 2010; Zhao et al. 2010) . In this study, we purified seven different iturin A analogs (Fig. 1) and evaluated their effect on disease caused by P. capsici (Fig. 2) . Disease severity was consistently reduced by iturin A2 and A4 treatment regardless of application methods, whereas others did not show the conserved patterns (Fig. 2) . These results suggest that the effect of purified iturin A analogs on disease management may be a dose-dependent manner.
It has been known that iturin A is antifungal lipopeptide used as a biocontrol agent in response to fungal and bacterial diseases (Yu et al. 2002; Kim et al. 2010; Pecci et al. 2010; Yuan et al. 2011; Zeriouh et al. 2011; Qian et al. 2012) , which regulates the vital ions and eventually leads to the cell death (Yao et al. 2003) .
By contrast, in our study, iturin A analogs did not show any antibiosis against the target pathogen P. capsici (Fig. 3) . Our data suggest that iturin-mediated antifungal activity is not required for attenuating P. capsici-caused disease symptoms. Rather, the compromised disease severity may be modulated by iturin A analogs triggered ISR in chili pepper plants.
The molecular mechanism derived from iturin A analogs treated plants when inoculated with pathogen may be supported by the expression patterns of plant defense-related marker genes. Our results showed that PR1, PR4, PR10, β-1,3-glucanase, chitinase, and peroxidase genes were highly induced by iturin A analog treated plants after challenging pathogen (Fig. 4) . In fact, PR1,PR4, and PR10 are marker genes for SA-and JA/ETdependent signaling pathways, respectively (Cameron et al. 1999; Yang et al. 2009 ). PR1 and PR10 are highly Fig. 4 . Transcript level of defense-related marker genes in chili pepper. The 4-wk-old plants treated with iturin A2, A4, A6, A7, and A8 at three different concentrations (0.1, 1, and 10 ppm) were inoculated with P. capsici. The leaves were harvested at 12 h after P. capsici inoculation. The lanes for each figure were displayed as follows: M, 100 bp DNA ladder; 1, distilled water (DW); 2, DW + P. capsici; 3, BTH (0.1 mM); 4, BTH (0.1 mM) + P. capsici; 5, iturin A analog (0.1 ppm); 6, iturin A analog (0.1 ppm) + P. capsici; 7, iturin A analog (1.0 ppm); 8, iturin A analog (1.0 ppm) + P. capsici; 9, iturin A analog (10 ppm); and 10, iturin A analog (10 ppm) + P. capsici. The experiment was conducted twice with three replicates. upregulated and PR4 is moderately induced in all iturin A analog treated plants in response to pathogens so that iturin A analogs from EXTN-1 may be required for both SA and JA/ET defense signaling pathways. In agreement with our results, the activation of ISR through SA-and JA/ET signaling pathways by PGPR have been reported previously (Ryu et al. 2003) . More specifically, activation of these genes in response to pathogen suggests that iturin A analogs confer the ISR-mediated defense responses in plants (Fu and Dong 2013) . Most recently, mycosubtilin, one of the iturin families, provided by B. subtilis, activates SA and JA signaling pathways and enhances a local long-lasting resistance to Botrytis cinerea in grapevine plants (Farace et al. 2015) . Altogether, these results suggest that iturin A analogs are required for attenuating certain plant pathogens by SA and JA/ETmediated plant defense pathways.
In addition, peroxidase is implicated in formation of lignin and hydrogen peroxide, which control disease symptom and elicits ISR in plants (Buensanteai et al. 2009; Niranjan Raj et al. 2012; Akram et al. 2013) . The hydrolytic activities of chitinase and β-1,3-glucanase may influence the degradation of fungal cell wall during ISR (Saikia et al. 2005) . Therefore, the expression study of these genes provides the speculation that pre-treatment of iturin A analogs elicit ISR through controlling plant defense signaling pathways such as formation of lignin and hydrogen peroxide and degradation of the fungal cell wall.
In conclusion, although we previously demonstrated that EXTN-1 alleviated disease symptoms in a variety of crop plants, the role of EXTN1-mediated iturin A have not been elucidated. In the present study, we propose that the reduction of disease caused by P. capsici may be manipulated by iturin A analog-mediated ISR rather than the direct antifungal activity and that iturin A analogs are a potential bio-control agent against plant pathogens.
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